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Yeast cell-free assayMaintenance of genome integrity is of major importance for plus-stranded RNA viruses that are vulnerable to
degradation by host ribonucleases or to replicase errors. We demonstrate that short truncations at the 5′ end
of a model Tomato bushy stunt virus (TBSV) RNA could be repaired during replication in yeast and plant cells.
Although the truncations led to the loss of important cis-regulatory elements, the genome repair
mechanisms led to the recovery of promoter and enhancer-like sequences in 92% of TBSV progeny. Using
in vitro approaches, we demonstrate that the repaired TBSV RNAs are replication-competent. We propose
three different mechanisms for genome repair: initiation of RNA synthesis from internal sequences and
addition of nonviral nucleotides by the tombusvirus replicase; and via RNA recombination. The ability to
repair cis-sequences makes the tombusvirus genome more ﬂexible, which could be beneﬁcial to increase the
virus ﬁtness and adaptation to new hosts.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Replication of plus-stranded (+)RNA viruses is regulated by
distinct RNA elements present in either the plus-stranded viral RNA
or the minus-stranded (−)RNA, which is a replication intermediate
(Ahlquist, 2002; Buck, 1996; Dreher, 1999; Kao et al., 2001; Lai, 1998;
White and Nagy, 2004). In spite of the signiﬁcance of regulatory RNA
elements in virus replication, their roles have only been studied for a
limited number of (+)RNA viruses [reviewed by (Buck, 1996; Dreher,
1999; Tayon et al., 2001)]. The known regulatory elements present in
the (+)RNA include the essential promoter (initiation) element,
which is usually located at the very 3′ end of the template and
responsible for maintaining the complete copying of the template
RNA, thus guarding against accidental loss of vital RNA sequences
from the viral genomic RNAs (Brown and Gold, 1996; Buck, 1996;
Dreher, 1999; Kao et al., 2001). Additional regulatory RNA elements in
viral (+)RNAs include template recruitment elements (RE) (Mon-
kewich et al., 2005; Pogany et al., 2005; Sullivan and Ahlquist, 1999),
replicase binding elements (Brown and Gold, 1996; Choi et al., 2004;
Gamarnik and Andino, 2000; Kim et al., 2005; Paul et al., 2003), RNA
replication enhancers (REN) (Klovins et al., 1998; Ranjith-Kumar et
al., 2003), and replication silencer elements (Panavas et al., 2003;
Pogany et al., 2003; Zhang et al., 2004) as well as RNA bridges thatbring together distant replication elements (Kao et al., 2001; Nagy and
Pogany, 2006; Panaviene et al., 2004, 2005; Wu et al., 2009).
The viral (−)RNA replication intermediate also carries cis-acting
regulatory elements, which are critical to maintain genome integrity.
Moreover, the regulatory elements in the (−)RNA are likely
responsible for making viral RNA replication asymmetric, which
results in a greater number of plus-strand viral progeny over the
intermediate (−)RNA (Buck, 1996; Nagy and Pogany, 2008; Wang
and Nagy, 2008). The identiﬁed cis-acting elements in (−)RNA
include the plus-strand initiation promoter and RNA replication
enhancers (Guan et al., 2000; Panavas et al., 2002a; Sivakumaran and
Kao, 1999) (Nagy et al., 1999; Panavas and Nagy, 2003a, 2005; Ray
and White, 2003). Overall, the above cis-acting RNA elements are
thought to perform their functions by regulating the activity of the
viral replicase, which contains the viral-coded RNA-dependent RNA
polymerase (RdRp), viral auxiliary proteins and host proteins
(Ahlquist et al., 2003; Nagy, 2008; Serva and Nagy, 2006).
Tombusviruses, such as Cucumber necrosis virus (CNV) and Tomato
bushy stunt virus (TBSV), have a ∼4800 nt, single component (+)RNA
genome that codes for two replicase proteins, named p33 and p92pol
(Fig. 1) (White and Nagy, 2004). Both p33 and p92pol and several host
proteins are part of the functional tombusvirus replicase complex (Li
et al., 2008, 2009; Nagy, 2008; Serva and Nagy, 2006). While p33 is
involved in selection and recruitment of the viral RNA template for
replication (Monkewich et al., 2005; Panavas et al., 2005a; Pogany et
al., 2005), the role of the less abundant p92pol is to function as an RdRp
(Nagy and Pogany, 2006). Previous works with partially puriﬁed CNV
Fig. 1. A schematic presentation of a typical tombusvirus genome (TBSV) and a prototypical DI RNA (DI-72). The four noncontiguous regions that are present in the DI-72 RNA are
indicated with gray boxes. These regions are derived from the 5′ (RI), the p92 ORF (RII) and from the 3′ end (RIII and RIV) of TBSV genomic RNA. The positions of characterized cis-
regulatory sequences are indicated for both the plus- and minus-stranded RNAs. The T-shape domain, marked “T”, facilitates replication, whereas p33RE is the p33 recognition
element involved in selective binding to p33 replication protein via an unbase-paired C·C mismatch within the stem structure. RSE is a replication silencer element, involved in the
assembly of the tombusvirus replicase. gPR is the genomic promoter, supporting initiation of minus-strand synthesis. The minus-strand RNA contains cPR promoter involved in
initiation of plus-strand synthesis. PPE-REN is a promoter proximal element that facilitates initiation from cPR by 2–3-fold, whereas RIIII(−) REN is a replication enhancer that
stimulates plus-strand synthesis by ∼10–20-fold. “AU” box represent an AU-rich sequence involved in binding to GAPDH host protein and regulation of (+)strand synthesis and the
retention of the (−)RNA in the replicase complex.
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promoters, denoted gPR and cPR (Fig. 1), are essential for minus- and
plus-strand synthesis, respectively (Panavas et al., 2002a). The
tombusvirus (+)RNA contains additional regulatory elements, such
as the p33 recognition element (p33RE) and a silencer element
(Fig. 1) (Pogany et al., 2003, 2005). While p33RE is required for
template selection/recruitment into replication, the replication
silencer element, together with gPR and p33RE, is required for the
assembly of the functional tombusvirus replicase complex both in
vivo and in vitro (Panaviene, Panavas, and Nagy, 2005; Panaviene et
al., 2004; Pogany and Nagy, 2008; Pogany et al., 2008). The 5′
noncoding region (denoted RI, Fig. 1) contains a T-shape domain that
facilitates viral RNA replication, though its function is not essential
(Wu et al., 2001; Wu andWhite, 1998). Additional works on the TBSV
(−)RNA template led to the identiﬁcation of two distinct REN
elements. The stronger enhancer of the two RENs, denoted RIII(−),
stimulated (+)RNA synthesis by ∼10–20-fold in vitro and in vivo
(Panavas and Nagy, 2003b; Ray and White, 2003). The weaker REN,
denoted PPE-REN, which is located in the vicinity of the cPR promoter
in (−)RNA (Fig. 1) enhanced plus-strand synthesis by two-fold in
vitro (Panavas et al., 2003). In addition, an AU-rich element was found
to bind to a host factor (GAPDH, glyceraldehyde-3-phosphate
dehydrogenase) and to be involved in retaining the (−)RNA within
the replicase complex as well as affecting plus-strand synthesis
(Wang and Nagy, 2008).
(+)RNA viruses have linear RNA genomes, so they face the
dilemma of “end-problem”, which is to maintain the integrity of the
terminal sequences during replication. Accordingly, the 3′ and 5′ end
sequences could be degraded by host exoribonucleases, which are
part of the host antiviral machinery by detecting noncapped and/or
nonpolyadenylated viral RNAs (Jaag and Nagy, 2009; Wickner, 1996;
Widner and Wickner, 1993). In addition, errors occurring during
normal (+)RNA virus replication, such as mutations, deletions andrecombination, could also lead to modiﬁed end sequences. Accord-
ingly, the ability to perform genome repair has been documented for
several (+)RNA viruses (Dalmay et al., 1993; Guan and Simon, 2000;
Nagy et al., 1997; Rao et al., 1989). Most of the scientiﬁc effort focused
on the 3′ terminal sequence in the (+)RNA, which include the
essential minus-strand initiation promoter. Accordingly, mutations,
insertions or short deletions at the 3′ end could be repaired to wt-like
sequences by various mechanisms in different RNA viruses.
Although the 5′ terminal sequences are also susceptible to the
nuclease-driven degradation and errors during replication, documen-
ted cases for the existence of repair/maintenance of 5′ sequences in
(+)RNA virus replication are scarce. Maintaining the integrity of the
5′ sequences should be critical, because the 5′ end sequences are
important during translation and replication (Barton et al., 2001; Wu
et al., 2001) and the corresponding 3′ end sequences in the (−)RNA
intermediate serve as the plus-strand initiation promoter (Guan et al.,
2000; Panavas et al., 2002a; Sivakumaran and Kao, 1999). RNA
recombination is certainly a powerful mechanism to repair “dam-
aged” 5′ sequences, as demonstrated previously (Olsthoorn and van
Duin, 1996; Urbanowicz et al., 2005; White and Morris, 1994a,b).
Additional mechanisms also exist for repair of viral 5′ sequences (or
the corresponding 3′ sequences in theminus-strand intermediates) as
documented for a couple of plant viruses (Garcia-Ruiz and Ahlquist,
2006; van der Vossen et al., 1996).
To facilitate studies on replication/recombination in tombus-
viruses, a yeast-based assay has been developed using a small replicon
(rep)RNA consisting of sequences present in TBSV defective interfer-
ing (DI) RNA (Panavas and Nagy, 2003b; Pantaleo et al., 2003). A
systematic genome-wide screen based on single deletion mutants or
down-regulation of expression of selected yeast genes revealed that
deletion of ﬁve yeast genes increased the accumulation of 5′ truncated
TBSV repRNAs (Cheng et al., 2006; Jaag et al., 2010; Serviene et al.,
2005a, 2006). Altogether, published data indicate that the TBSV (+)
98 Y. Jiang et al. / Virology 404 (2010) 96–105repRNA is vulnerable to degradation by yeast (Panavas et al., 2005b;
Serviene et al., 2005a, 2006) or plant ribonucleases (Cheng et al.,
2007; Jaag and Nagy, 2009).
In this paper, we show evidence for the existence of rapid genome
repair mechanism. The genome repair led to the recovery of promoter
and enhancer-like sequences at the 3′ end of TBSV (−)RNA, which
worked with various efﬁciencies to produce (+)RNA progeny in a
cell-free assay.
Results
Rationale
Previous work has shown that the original 5′ viral sequences have
been lost in some of the progeny RNAs during the robust replication of
TBSV DI-72 repRNA in one of the ﬁve yeast strains with single gene
deletions (Serviene et al., 2005a). The abundance of the 5′ truncated
repRNAs in the above yeast strains suggested altered endo/exoribo-
nuclease activity. Interestingly, frequent occurrence of novel recom-
binants formed between two or more 5′-truncated repRNAs indicated
that these truncated recRNAs could be replication-competent in the
absence of the original 5′ sequences (Cheng et al., 2006). This is
surprising since the deleted 5′ sequences include critical cis-acting
elements, such as cPR, the plus-strand initiation promoter (Figs. 1 and
2), the proximal PPE-REN element and an AU-rich sequence binding
to GAPDH (Wang and Nagy, 2008) within the 3′ terminal region in the
(−)RNA intermediate. To gain insights into the possible mechanism
of replication of the 5′ truncated repRNAs and recRNAs, ﬁrst we
sequenced the 5′ ends of a number of (+)recRNAs obtained from the
above yeast strains.
Sequence analysis of the recRNAs reveals promoter- and enhancer-like
sequences at the 3′ end of the minus-strands of TBSV recRNAs
To this end, we have sequenced the 5′ end of 168 (+)recRNAs
obtained from yeast lacking one of the ﬁve genes affecting viral RNA
recombination (i.e., xrn1Δ, met22Δ, ctl1Δ, hur1Δ or ubp3Δ) (Figs. 2C
and D) by 5′ RACE. Since the major known function of these terminal
sequences is to serve as plus-strand initiation promoters in theminus-
stranded intermediates [which we refer to as (−)recRNA below], we
compared the obtained sequences in recRNAs with the previously
characterized cPR sequence in DI-72 repRNA, which is used for
initiation of plus-strand synthesis by the tombusvirus replicase in
vitro (Panavas et al., 2002a, 2003). The sequence comparison
conducted with the complementary strand revealed that none of
the (−)recRNAs contained the authentic cPR and PPE-REN sequences
at their 3′ terminus (Figs. 2C and D). However, the novel terminal
sequences showed similarity to the consensus sequences for cPR and
PPE-REN (Fig. 2A), which have previously been suggested for
tombusviruses based on a number of analysis, including (i) muta-
genesis of cPR and PPE-REN, (ii) comparative analysis of all cPR and
PPE-REN in various tombusviruses, and (iii) identiﬁcation of cryptic
internal initiation sites on the minus-strand template, which
supported initiation by the tombusvirus replicase in vitro. These
studies revealed that the consensus cPR sequence is ∼11 nt in length
and it consists of a 3′ proximal U(C)/C for initiation, followed by aFig. 2. Identiﬁcation of novel repaired 5′ terminal sequences in the recRNAs. (A) The sequenc
stranded RNA intermediate. The consensus sequences for cPR and PPE-REN are shown below
Schematic representation of the 5′ truncated TBSV RNAs and the recRNAs carrying duplicat
recRNAs. (C–D) The actual 3′ sequences of 168 (−)recRNAs derived from xrn1Δ, ctl1Δ, met
missing 3′ sequences in the minus-strands is indicated with numbers behind Δ, whereas
sequences. The frequency of the particular sequence found is shown on the right to the seque
the possible initiating nucleotide (a C or UC) is shown in red box, while the A/U-rich stretch,
the PPE-REN consensus is in orange box, whereas the A/U-rich stretch, which is part of the PP
panel D are shown in capital blue letters, the 5′ proximal RII sequences with capital black l
shown with small blue letters in parenthesis. Selected repRNAs for cell-free replication assshort A/U-rich stretch and a purine-rich stretch (Fig. 2A) (Panavas et
al., 2002a,b, 2003; Wu and White, 1998). The 3′ proximal C was
essential for initiation, whereas the A/U stretch was more important
than the purine-rich stretch for (+)RNA synthesis in vitro (Panavas et
al., 2002a,b, 2003). Moreover, the consensus sequence for the PPE-
REN element has been found to contain sequence features similar to
the consensus cPR sequence, but the PPE-RENwas located 5′ proximal
to the cPR element (Fig. 2A) (Panavas et al., 2003).
Altogether, comparison of consensus cPR and PPE-REN sequences
with the 3′ sequences in the (−)recRNAs revealed the existence of
short tombusvirus cPR consensus-like sequences in 163 out of 168
recRNAs (97%, Figs. 2C and D). In addition, we also noted the frequent
(93%) occurrence of short PPE-REN-like sequences in 5′ proximal
positions relative to the cPR-like sequences in the (−)recRNAs
(Figs. 2C and D). Altogether, 155 of 168 (−)recRNAs (92%) contained
both cPR and PPE-REN-like sequences at their 3′ terminal region.
Because only a few recRNAs lacked cPR- and PPE-REN-like sequences,
we suggest that there is a strong selection for the accumulation of
recRNAs carrying cPR/PPE-REN-like sequences in the (−)strand RNA.
These novel terminal sequences likely emerge due to a terminal repair
mechanism(s) responsible for recovering cPR/PPE-REN-like
sequences at the end of TBSV RNAs.
Interestingly, 83 out of 168 (49%) recRNAs contained 1 to 24 nt
extra nontemplated (nonviral-derived) sequences at the very 3′
terminus, which most frequently consisted of Cs and Us [when the
(−)strand is considered; Figs. 2C and D]. These nonviral sequences
were frequently part of the predicted cPR-like sequences. We propose
that the terminal nonviral sequences are also likely the results of the
putative terminal repair mechanism. The 3′ end of another large
group of (−)recRNAs (45 out of 168, 27%) contained short viral
sequences derived from the 5′ region of the (−)repRNA (mostly RIV,
Fig. 2D). These 5′ sequences likely ended up at 3′ terminal locations
due to recombination between various truncated repRNAs, as
suggested previously (Cheng et al., 2006). On the contrary to the
frequent occurrence of the above modiﬁcations at the 3′ end in (−)
recRNAs, point mutations were less frequent (6 out of 168) within the
terminal sequences. Overall, the above sequence analysis ﬁrmly
supports the existence of a repair mechanism in TBSV RNA.
The 5′ truncated repRNAs are replication-competent in a cell-free
tombusvirus replication assay
To test if the 5′ truncated repRNAs with different 5′ termini are
replication-competent, we utilized a yeast cell-free extract based
assay, which is capable of supporting authentic replication of TBSV
repRNAs (Pogany and Nagy, 2008; Pogany et al., 2008). In this assay,
puriﬁed recombinant p33 and p92pol viral replication proteins were
added together with selected in vitro-transcribed repRNAs to a yeast
cell-free extract. Under the in vitro condition, the viral replication
proteins are capable of assembling the active replicase in the presence
of the repRNA template and ribonucleotides in the test tube, followed
by both minus-strand and then plus-strand syntheses. It is worth
noting that this cell-free system is capable of supporting one cycle of
full replication, ending with the release of the newly made (+)RNA
progeny from the replicase complex (Pogany and Nagy, 2008; Pogany
et al., 2008).es of cPR and PPE are shown in 3′-to-5′ directions because they are present in theminus-
. The capital letters indicate the critical nucleotides/stretches within the consensus. (B)
ed sequences. 5′RACE was used to determine the novel sequences at the 5′ end of the
22Δ, hur1Δ and ubp3Δ yeast strains are shown in 3′-to-5′ directions. The length of the
small blue letters indicate nonviral sequences. Small black letters indicate mutated
nce. The putative cPR and PPE-REN-like sequences are indicated by the following code:
which is part of the cPR consensus (see panel A), is in dark blue box. The conserved CC in
E-REN consensus (see panel A), is in light blue box. The RIV or RIII-derived sequences in
etters, while the nonviral sequences between RIV and RII recombination junctions are
ay (Fig. 3) are indicated with asterisks.
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(−)recRNAs are recognized by the tombusvirus replicase, we have
separately programmed the cell-free extract with 8 different truncat-
ed repRNAs with various 5′ ends (Fig. 3A) selected from the
sequenced pool (Fig. 2C, underlined). The selection criteria were
based on high versus poor resemblance to the consensus cPR/PPE-
REN sequence as well as high frequency of isolation (3–8 independent
cases) versus low frequency of isolation of the particular recRNA. We
also made a recRNA with the authentic 11 nt cPR sequence at the
terminus (Fig. 3A, construct 1) as an additional control.
When compared with the wt DI-72 repRNA control, we observed
that all the tested repRNAs supported (−)strand synthesis with
relatively similar efﬁciency in vitro (Fig. 3B, see the dsRNA products
in every even numbered lanes). This was expected since all the
truncated repRNAs carried the most critical cis-acting replication
elements on the (+)RNA (Fig. 1). On the contrary, the level of newly
synthesized (+)strand progeny RNA was varied greatly among the
various constructs (between undetectable and 78%, Fig. 3B, ssRNA in
every even numbered lanes). Accordingly, the ratio of (+)repRNA:(−)Fig. 3. TBSV repRNAs with repaired 5′ terminus are replication compatible in a cell-free
replication assay. (A) For comparison, we present the 3′ end sequences of the minus-
stranded repRNAs in 3′-to-5′ orientation. The common sequences among the repRNAs
are connected with dotted lines. These repRNAs (#2-to-#9) represent repaired
recRNAs from Fig. 2 as indicated with asterisks. The nonviral sequences are shown in
small letters. (B) PAGE analysis of the replication products from the cell-free TBSV
replication assay supporting one full cycle of replication. Note that the cell-free yeast
extract was programmed with comparable amounts of (+)repRNAs. The odd
numbered lanes represent heat-denatured products, while the even numbered lanes
show untreated replicase products. dsRNA and ssRNA [representing newly synthesized
(+)-strand in the untreated samples] products of the different repRNAs as well as the
newly made recRNAs are pointed at with arrows. Quantitation of dsRNA and ssRNA and
their ratios was done with the ImageQuant program and a phosphorimager based on
the untreated samples. DI-72 containing samples were used as 100%. The experiment
was repeated three times.repRNAwas reduced to 9–19 for the best replicating truncated repRNAs
from the ratio of 26 supported by the wt DI-72 repRNA (Fig. 3B, lane
16). For the three poorly replicating truncated repRNAs, namely #6
(Δ70+ccgagg), #7(Δ70+ccgggg) and #9(Δ74), the ratio of (+)
repRNA:(−)repRNA was less than one (Fig. 3B, lanes 12, 14 and 20).
These data conﬁrmed that the 5′ truncations had the biggest effect on
(+)RNA synthesis and, thus, on the asymmetrical replication, likely due
to the various sequences at the 3′ end of the (−)RNA intermediates.
We found that the best replicating 5′ truncated repRNAs were
those, which carried repaired sequenceswith the highest resemblance
to the consensus cPR and PPE-REN sequences, such as in construct #2
(Δ69+c), #4 (Δ70+cuuc), #5 (Δ70+c) and #8 (Δ74+cu) (Fig. 3B,
lanes 4, 8, 10 and 18). Interestingly, construct #4 with the highest
resemblance to cPR and PPE-REN sequences, which was also the most
frequently isolated recRNA (Fig. 2C), replicated the most efﬁciently,
even better than construct #1 carrying the wt cPR sequence (Fig. 3B,
lane 8 versus lane 2). In contrast, those truncated repRNAs that carried
terminal sequences not similar to the consensus sequence, such as in
constructs #6, #7 and#9, replicated poorly in vitro. Construct #3 (Δ70
+ca) with an unfavorable A mutation in position 2 from the 3′ end in
the (−)RNA showedmoderate level of replication in vitro (Fig. 3B, lane
6). Altogether, these data supported themodel that truncated repRNAs
with termini similar to the consensus cPR-like sequencewere themost
competent for replication in vitro.
The nonviral nucleotides at the 3′ end enhance initiation of plus-strand
RNA synthesis by the tombusvirus replicase in vitro
To test if the presence of nonviral U/C nucleotides at the 3′ end in
almost 50% of (−)recRNAs (Figs. 2C and D)might facilitate initiation of
(+)RNA synthesis, we performed in vitro replication assays with the
partially puriﬁed CNV replicase preparation obtained from Nicotiana
benthamiana plants, which can use minus-strand RNA for (+)RNA
synthesis (Nagy and Pogany, 2000). The advantage of this replicase
assay (in contrast to the above cell-free replication assay that can be
programmed with plus-strand RNA only) is that we can use minus-
stranded RNAs with the correct 3′ terminus directly (in the absence of
minus-strand synthesis). We have selected eleven (−)recRNA-based
templates from the sequenced pool (Fig. 2C), which had variable 3′
ends (Figs. 4A and C). The in vitro replication assays performedwith the
same amount of RNA templates revealed that the selected templates
supported initiation of plus-strand synthesis by the CNV replicase with
various efﬁciencies, ranging from 6 to 24% activity (Figs. 4B and D)
when compared to the wt control template carrying cPR and PPE-REN
sequences (lane 1, Figs. 4B and D). Interestingly, the most efﬁcient
templates for initiation at the 3′ terminus were those, which had
nonviral “C/U” sequences (Δ69+cu; Δ76+5 and Δ70+cuuc, respec-
tively, Fig. 4). On the other hand, the presence of nonviral or viral-coded
“G/A” at the most terminal position seemed to be inhibitory on
initiation from the 3′ end (constructs Δ70+gggc; Δ73, Fig. 4).
The in vitro assay also revealed that most of the (−)repRNA
templates supported initiation from more than one 3′ proximal sites,
generating more than one product during plus-strand synthesis
(Fig. 4). This observation opens up the possibility that several of these
repRNAs likely further evolve during replication by generating
progeny RNAs with variable ends (see below). Interestingly, compa-
rable data were obtainedwith the recombinant CNV replicase puriﬁed
from yeast (not shown), suggesting that the repRNAs are likely
evolving rapidly in yeast, too.
Further evolution of TBSV RNAs with repaired terminal sequences in
plant cells
The above in vitro data with the puriﬁed CNV replicase suggested
high level of imprecision during initiation of plus-strand synthesis
with the TBSV RNA carrying repaired end, which might lead to further
Fig. 4. Initiation of plus-strand synthesis from various TBSV templates by the CNV
replicase in vitro. (A) The 3′ end sequences of the minus-stranded RNA templates used
in the in vitro assay are shown in 3′-to-5′ orientation. (B) Representative denaturing gel
of 32P-labeled RdRp products synthesized by in vitro transcription with either the CNV
RdRp. The template RNAs were used in equal molar amounts. The relative efﬁciency of
RNA synthesis from the 3′ terminus is shown below the gel in % compared to initiation
from the wt 3′ end representing 100%. The amount of RNA products obtained was
quantiﬁed using a phosphoimager. The standard deviation is based on two or three
experiments. Note that the bands migrating faster than the full-length products are
likely due to internal initiation by the CNV replicase on the templates as shown
previously (Panavas et al., 2002b). (C) Another set of (−)repRNA constructs with
different 3′ end sequences used in the in vitro assay. The 3′ terminal nonviral
nucleotides are shown with small letters. (D) Representative denaturing gel of 32P-
labeled RdRp products synthesized by in vitro transcription on templates shown in
panel C with the CNV RdRp. See further details in the legend to Fig. 4B.
Fig. 5. Further evolution of the 5′ ends of TBSV RNAs carrying 5′ truncated sequences in
N. benthamiana protoplasts. Two representative 5′ truncated TBSV DI RNAs [DI-Δ1(RII)
missing the whole RI and 1 nt from the 5′ end in RII, and DI-Δ69+cu(RII) missing the
whole RI and 69 nt from RII, plus having the nonviral “CU” at the 5′ end)] were co-
electroporated with CNV helper virus RNA into protoplasts. Northern blot analyses of
the total RNA obtained 20 h after electroporation were performed with RIII-speciﬁc
probe. Empty arrowheads point at the replicating input RNAs, whereas newly
generated DI RNA is indicated by a black arrowhead. (B–C) 3′ sequences of 44 (−)DI
RNAs derived from the experiments shown in panel A are shown in 3′-to-5′ directions.
5′RACE was used to determine the novel sequences at the 5′ end of the DI RNA progeny.
cPR-like sequences are shown in gray boxes, whereas PPE-REN-like sequences are
boxed. See further details in the legend to Figs. 2C and D.
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hypothesis, we electroporated two TBSV RNAswith repaired ends into
N. benthamiana protoplasts in the presence of the helper virus to
supply the viral replicase. We chose the plant protoplasts assay over
the yeast-based assay, because T7-based in vitro transcription and
RNA electroporation developed for plant cells provides more accurate
5′ ends in TBSV (+) RNA than transcription from a yeast plasmid used
for launching TBSV replication in yeast (Panavas and Nagy, 2003b)
(Cheng and Nagy, unpublished).
Northern blot analysis with TBSV-speciﬁc probe revealed that both
TBSV repRNAs used for electroporation replicated efﬁciently in plant
cells. While construct Δ1(RII) generated both input-sized and shorter
RNA products (Fig. 5A, lanes 3–6), construct Δ69+cu(RII) seemed to
generate mainly input-sized progeny repRNAs (Fig. 5A, lanes 7–10).
Determination of 5′ sequences by 5′ RACE revealed the presence of the
original input repRNAs in both cases. However, these TBSV repRNAs
represented only theminority of the progeny repRNA [6 out of 20, 30%
in case of Δ1(RII) and 4 out of 23, 17% for Δ69+cu(RII), Figs. 5B and
C], while most progeny RNAs had novel 5′ end sequences. Whencompared to the minus-stranded consensus cPR and PPE-REN
sequences, we found that almost all (42 out of 43) of the progeny
RNAs contained short cPR-like sequences at or close to the 3′ end,
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locations. The nontemplate-derived sequences were 1–10 nt long and
mainly C and U/A-rich. They were present at the 3′ ends of Δ1(RII)
and Δ69+cu(RII) progeny (−)RNAs in 6 (30%) and 8 (35%) cases,
respectively (Figs. 5B and C). The 3′ ends of 3 and 2 progeny (−)RNAs
contained short viral sequences derived from the 5′ RIV, suggesting
that they were generated via recombination (see above). Altogether,
the obtained data are consistent with rapid evolution of the end of
TBSV RNAs in plant cells, as predicted based on the in vitro results
obtained in the in vitro replication assay. Overall, the 3′ ends of the
characterized progeny (−)RNAs for two selected TBSV RNAs obtained
from plant cells showed remarkable similarity with (−)recRNAs
obtained from yeast (Figs. 2C and D).
Discussion
Tombusvirus sequences can change rapidly in infected cells
(White and Nagy, 2004). For example, sequential, step-wise deletions
can lead to the formation of defective interfering RNAs (White and
Morris, 1994a). In addition, RNA recombination can take place with
high frequency in tombusviruses, under both in vivo and in vitro
conditions (Cheng and Nagy, 2003; Cheng et al., 2005; White and
Morris, 1994a,b). Also, 5′ truncated TBSV RNA can replicate in plant
cells (Cheng et al., 2007; Jaag and Nagy, 2009; Wu and White, 1998).
Moreover, partially degraded viral RNAs, bearing 5′ truncations, can
be easily detected in yeast (Cheng et al., 2006; Serviene et al., 2005a),
a model host for tombusviruses. The 5′ truncated TBSV RNA can serve
as a substrate for RNA recombination, leading to the accumulation of
TBSV recRNAs with partially duplicated sequences in yeast lacking
Xrn1p 5′–3′ exoribonuclease (Cheng et al., 2006) or in plants silenced
for Xrn4p 5′–3′ exoribonuclease (Jaag and Nagy, 2009). This high
genetic plasticity of tombusvirus RNA genome raises the question:
how are important regulatory elements in the viral RNA maintained
by tombusviruses? For example, 5′ truncations of the (+)RNA leads to
3′ truncations of the (−)RNA intermediate. The 3′ end of (−)repRNA,
however, contains important cis-acting elements, such as cPR for
initiation of plus-strand synthesis, the cPR promoter proximal
replication enhancer, PPE-REN, and an AU-rich sequence binding to
GAPDH (Panavas et al., 2002b, 2003; Wang and Nagy, 2008).
The end repair process leads to replication-competent TBSV repRNAs
carrying promoter-like sequences
Analysis of the 5′ end of recRNAs provided evidence for the
existence of a terminal repair mechanism(s). We found that, in spite
of the 5′ truncations that included cPR and PPE-REN elements as well
as the AU-rich sequence binding to GAPDH, the isolated recRNAs
frequently carried terminal sequences resembling consensus cPR and
PPE-REN sequences. This suggests the existence of an efﬁcient end
repair mechanism(s) for tombusviruses, which is likely beneﬁcial to
maintain a pool of replication-competent RNAs. This could be
important because the viral RNA is under constant threat from host
ribonucleases. For example, 5′ truncations of TBSV (+)RNA is
common in cells and they are likely due to the exposure of plus-
strand RNAs to host ribonucleases (Cheng et al., 2006, 2007; Jaag and
Nagy, 2009) rather than to 3′ truncations of (−)RNA, since the minus-
strand RNAs are hidden in membranous structures (Pogany and Nagy,
2008; Pogany et al., 2008) derived from peroxisome membranes
(McCartney et al., 2005; Navarro et al., 2004; Panavas et al., 2005a).
Nevertheless, the truncations threaten the ability of viral RNAs to be
replicated due to the loss of important cis-regulatory elements.
By using in vitro replication assays, we show that the newly
generated TBSV repRNAs with repaired ends, which were originally
isolated from yeast, are replication-competent (Figs. 3 and 4). The
tested repRNAs showed variable level of plus-strand RNA synthesis,
depending on the terminal sequences in the minus-strand interme-diate. The best repaired repRNAs were those carrying C/U nucleotides
at terminal positions, which frequently had nonviral origin. Interest-
ingly, many of these repRNAs generated shorter products in the in
vitro assay suggesting that the precision of plus-strand initiation
might be decreased likely due to the altered cPR-like sequences. This
was further supported by isolation of new repRNAs in plant
protoplasts when infection was started with repRNAs with repaired
5′ ends (Fig. 5).
None of the newly generated TBSV repRNAs with repaired ends
supported (+)RNA synthesis as efﬁciently as the full-length DI-72
repRNA in vitro or in vivo. This could be due to the reduced efﬁciency
of initiation by the tombusvirus replicase from the repaired cis-acting
sequences on the (−)-strand (Fig. 4). Another possibility is the lost
AU-rich sequence that binds to GAPDH host protein in the newly
generated TBSV repRNAs. This AU-rich sequence is important to
regulate (+)RNA synthesis by selectively retaining the (−)RNA in the
replication complex (Wang and Nagy, 2008).
The above repair mechanisms for TBSV RNAs are not only functional
in yeast cells and also in plant cells. Accordingly, electroporation of
selected TBSV RNAs bearing novel ends led to replication and
subsequent evolution of new terminal sequences (Fig. 5). Comparison
of the 3′ ends of TBSV (−)RNAs from yeast and plants revealed similar
trends during genome repair. For example, addition of nonviral
nucleotides to the RNA ends, RNA recombination and selection for
better-ﬁt progeny RNAs seem to be functioning in both hosts. The
discovery of the 5′ genome repair mechanism [or alternatively 3′ repair
if takes place on the (−)RNA] together with the previously demon-
strated 3′ repair mechanism, which can correct short 3′ terminal
deletions and mutations in TBSV (+)RNA (Dalmay et al., 1993),
indicate that tombusviruses might owe their genome plasticity to
various repair mechanisms. This feature could provide better and faster
adaptation for tombusviruses to new, hostile environments, such as in
new host and nonhost cells. Therefore, rapid repair of terminal
sequences might be one of the reasons that tombusviruses are so
successful in nature by infecting a wide variety of host species and
evolving into one of the largest families of RNA viruses.
A similar 5′-end repair mechanism has been documented for
Brome mosaic virus RNA3 in yeast and Alfalfa mosaic virus RNA3 in
plants (Garcia-Ruiz and Ahlquist, 2006; van der Vossen et al., 1996).
The genomic RNAs of these viruses were also capable of recovering
promoter-like sequences after 5′ truncations, suggesting the existence
of high genome plasticity within the 5′ end region for several plant
viruses.
Mechanisms of end repair
To compensate for the loss of regulatory sequences, tombusviruses
seem to have developed mechanisms for the repair of terminal
sequences. The result of the 5′ repair mechanism is the emergence of
cPR and PPE-REN-like sequences at the 3′ of the (−)RNA. We propose
that three different mechanisms are responsible for repairing the
terminal sequences based on previous in vitro works with tombus-
virus replicase preparations and in vivo experiments: First, several
internal sequences in the TBSV RNA, which are similar to cPR/PPE-
REN sequences, could be used by the tombusvirus replicase for
initiation of plus-strand synthesis due to internal initiation on the full-
length (−)RNA as shown previously (Panavas et al., 2002b).
Alternatively, internal sequences could be repositioned to become 3′
proximal in the (−)RNA intermediate due to partial 5′ deletions
caused by a ribonuclease on the (+)-strand RNA (Fig. 6) as shown
earlier (Cheng et al., 2006). Then, the 3′ proximal cPR/PPE-REN-like
sequences in the (−)RNA are recognized by the tombusvirus replicase
with detectable efﬁciency to generate plus-strand progeny as shown
in vitro (Figs. 3 and 4).
Second, nonviral sequences might be introduced at the terminal
positions in 46% of repaired TBSV RNAs, possibly by the tombusvirus
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been previously suggested for several animal and plant viruses,
including tombusviruses (Burgyan and Garcia-Arenal, 1998; Dalmay
et al., 1993; Fujimura and Esteban, 2004; Guan and Simon, 2000;
Hema et al., 2005). It is possible that the tombusvirus RdRp could
introduce nontemplated nucleotides randomly at the 3′ end of the
(−)RNA [or alternatively at the 5′ terminus of (+)RNA], followed by
selection for the best adapted progeny RNAs carrying the most
optimal cPR and PPE-REN-like sequences at 3′ positions (Fig. 6).
Third, recombination between partially degraded TBSV (+)
repRNAs might accidentally lead to repositioning of cPR/PPE-REN-
like sequences to terminal locations. Accordingly, we found that the
repaired TBSV (+)repRNAs frequently (29%) carried partial
sequences from the 3′ ends of the (+)repRNA, which likely required
recombination events (Figs. 2D and 5B and C) (Cheng et al., 2006;
Serviene et al., 2005a). The currently available data support the
occurrence of all three mechanisms during TBSV RNA repair (Fig. 6).
Summary
Overall, the currently emerging picture is that many (+)strand
RNA viruses use genome repair mechanisms to maintain the integrityFig. 6. Possible mechanisms of end repair in TBSV RNAs. (A) The full-length repRNA is
cleaved by an endoribonuclease, followed by partial 5′-to-3′ degradation by the Xrn1p
exoribonuclease (Xrn4p in plants). The generated 5′ truncated repRNA is still
compatible for minus-strand synthesis. (B) The three predicted mechanisms of end
repair for the 5′ truncated repRNA. The internal initiation model based on the minus-
strand of the truncated repRNA is shown schematically. Competition among the 5′
truncated repRNAs and recRNAs with repaired ends will lead to the emergence of the
best-ﬁt repRNAs and recRNAs.(replication compatibility) of the ends of their RNAs. For example,
Turnip crinkle virus (TCV) was found to use abortive RNA synthesis
products generated from the genomic RNA by the TCV RdRp as
primers to repair short deletions within the 3′ sequence of a small
satellite RNA associated with TCV (Nagy et al., 1997). The TCV RdRp
was also able to add several nontemplated nucleotides to the 3′ end of
the satellite RNA, which could subsequently be used for selection of
the ﬁttest progeny, resulting in recovery of viable viral RNA (Guan and
Simon, 2000). The ability of the viral RdRp to add nucleotides to the
ends might also be used to repair defective terminus in case of other
viruses, such as the yeast narnaviruses (Fujimura and Esteban, 2004),
tombusviruses (Dalmay et al., 1993), BMV (Hema et al., 2005) and the
satellite RNA associated with Cucumber mosaic virus (Burgyan and
Garcia-Arenal, 1998). The stuttering of the viral RdRp on terminal AU-
rich sequences could also lead to addition and repair of 3′ sequences,
as suggested for alphaviruses (Raju et al., 1999). Recombination
between damaged viral RNAs and wt viral RNAs could also lead to
repair of the 3′ end sequences as demonstrated for BMV (Nagy and
Bujarski, 1992, 1993, 1995, 1996; Rao and Hall, 1993) and TCV (Guan
and Simon, 2000). Another possible mechanism of repair of 3′ ends of
viral RNAs is to use host enzyme that could recognize viral sequences.
For example, the tRNA-modifying enzymes might be involved in
repair of the tRNA-like structure present at the 3′ terminus of BMV
(+)RNAs (Hema et al., 2005; Rao et al., 1989). Poly(A) sequences
present at the 3′ end of several viruses might be repaired by host poly
(A) adding enzymes as suggested for alphaviruses and hepatitis A
virus (Kusov et al., 2005; Raju et al., 1999).
Materials and methods
5′RACE of recombinants
5′RACE (rapid ampliﬁcation of cDNA ends) to determine the 5′
sequences of recRNAs generated previously (Cheng et al., 2006;
Serviene et al., 2005a) was performed as described (Cheng et al.,
2006). Brieﬂy, we used total RNA samples obtained from yeast
(Serviene et al., 2005b) for 5′RACE by following the GC-rich sequence-
protocol of 5′RACE (Invitrogen). For ampliﬁcation of ﬁrst-strand
cDNA, we used primer #116 (GTAATACGACTCACTATAGGA CACC-
TAACTTTCGT), which anneals to the 5′ end of RIV(+) of TBSV DI-72.
Second-strand cDNAwas synthesized by using 3′ RACE Anchor Primer
(GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT). A nested primer
(#291, GTAATACGACTCACTA TAGGAACCT GTATGCTATGCC), which
anneals to RIII(+) of DI-72, and Abridged Universal Ampliﬁcation
Primer (AUAP) (GGCCACGCGTCGACTAGTAC) were used for ﬁrst PCR
and the second PCR was done by using the AUAP primer and the
second nested pr imer #14 (GTAATACGACTCACTATAG
GGTTCTCTGCTTTTACGAAG ), which anneals to RII(+). The resulting
products were directly cloned into pGEM-T Easy (Promega) and
sequenced with M13 Reverse Primer.
Production of RNA templates
For the in vitro experiments, single-stranded (−)RNA templates
were obtained by in vitro transcription reaction with T7 RNA
polymerase using PCR ampliﬁed DNA templates (Nagy et al., 1997;
Nagy and Pogany, 2000). The particular DNA templates for T7-based
in vitro transcription were obtained using DI-72 DNA and the
following primers: the reverse primer for all constructs was the
same: #116 (5′-GTAATACGACTCACTATAGGACACCTAACTTTCGT-3′),
whereas the following primers were speciﬁc for each of the listed
templates: DI-72(−): #20 (5′-GGAAATTCTCCAGGATTTCTC-3′); Δ1
(RII): #1501 (5′-GAAACGGGAAGCTCGCTC-3′); Δ143(RI): #1502 (5′-
GTAACTTCCAACAAACAAGC-3 ′ ) ; Δ44(R I I ) : #1503 (5 ′ -
CTTTGGACGTCTTTCCC-3′); Δ69(RII): #1504 (5′-AAAGCGGTTTGTGA-
GAAG-3′); Δ69+cu(RII): #1505 (5′-GAAAAGCGGTTTGTGAGAAG-
104 Y. Jiang et al. / Virology 404 (2010) 96–1053′); Δ70+c: #1601 (5′-GAAGCGGTTTGTGAGAAGG-3′); Δ70+cuuc:
#1602 (5′-GAAGAAGCGGTTTGT-GAGAAGG-3′); Δ70+ca: #1603 (5′-
GTAAGCGGTTTGTGAG-AAGG-3′); Δ70+ gggc: #1604 (5 ′-
CCCGAAGCGGTTTGTGAGAAGG-3′); Δ73: #1605 (5′-CGGTTTGTGA-
GAAGGTTG-3′); and Δ75+5: #1606 (5′-GAAGAGTTTGTGA-
GAAGGTTGGGG-3′).
For making the (+)repRNAs, we used the same reverse primer for
all constructs: #1190 (5′-gggctgcatttctgcaatg-3′), whereas the fol-
lowing forward primers were speciﬁc for each of the listed templates:
Δ69+cPR: #3426 (5′-TAATACGACTCACTATAGGA-AATTCTC-
CAAAGCGGTTTGTGAGAAG-3′); Δ69+c: #3427 (5′-TAATACGACT-
CACTATAGAAAGCGGTTTGTGAGAAG-3′); Δ70+ca: #3428 (5′-
TAATACGACTCACTATAGTAAGCGGTTTGTGAGAAG-3′); Δ70+cuuc:
#3429 (5′-TAATACGACTCACTATAGAAGAAGCGGTTTGTGAGAAG-3′);
Δ70+c: #3430 (5′-TAATACGACTCACTATAGAAGCGGTTTGTGA-
GAAG-3′); Δ70+ccgagg: #3431 (5′-TAATACGACTCACTATAGGCTC-
CAAGCGGTTTGTGAGAAG-3′); and Δ70+ccgggg: #3432 (5′-
TAATACGACTCACTATAGGCCCCAAGCGGTTTGTGAGAAG-3′).
Replication assay using the cell-free extract
Cell-free yeast extract was prepared according to Pogany and Nagy
(2008), using untransformed BY4741 yeast grown in YPD media. The
replication assay was done according to Pogany and Nagy (2008),
except that the reaction mix contained 50 mM potassium acetate,
0.5 µg of recombinant TBSV MBP-p33 and/or TBSV MBP-p92. The
assay was programmed with 0.2 µg of (+)repRNA templates. TBSV
replicase proteins were expressed and puriﬁed according to Rajen-
dran and Nagy (2003), using HEPES–KOH buffer (50 mM, pH 7.4)
during puriﬁcation and the elution buffer contained 1 mM DTT
instead of the 10 mM β-mercaptoethanol. The reaction mixture was
incubated at 25 °C for 2.5–3 h, followed by RNA extraction and gel
analysis as described below.
RdRp assays
The CNV RdRp assays with partially puriﬁed CNV replicase
preparations were performed using the same conditions as described
(Cheng and Nagy, 2003; Nagy and Pogany, 2000; Rajendran et al.,
2002). Each RdRp reaction contained 0.5 µg of template RNA (Cheng
and Nagy, 2003). After phenol/chloroform extraction, the RdRp
products were analyzed under denaturing conditions (4% PAGE gels
containing 8 M urea), followed by phosphorimager analysis as
described (Cheng and Nagy, 2003; Nagy and Pogany, 2000). The
quantiﬁed data were normalized based on the estimated number of
32P-UTP incorporated to each product (Cheng and Nagy, 2003; Nagy
and Pogany, 2000).
Protoplast inoculation
Two DI RNA constructs with different 5′ end deletions were
generated by PCR and T7 transcription as described (Cheng et al.,
2006). The same amount of DI RNA transcripts (1 µg/sample)
together with CNV genomic RNA transcripts (5 µg) was used for
electroporation of 5×105 N. benthamiana protoplasts prepared as
described previously (Panaviene et al., 2003). Protoplasts were
incubated in the dark, followed by RNA extraction as described
(Panaviene et al., 2003; Shapka and Nagy, 2004).
Viral RNA analysis
Total RNA isolation and Northern blot analysis were done as
previously described (Panavas and Nagy, 2003b). For detection of
plus-strand DI RNAs, 32P-labeled RNA probe representing RIII (Fig. 1)
was prepared by T7 transcription from PCR-generated cDNA, whichwas ampliﬁed with primers #1165 (AGCGAGTAAGACAGACTCTTCA)
and #23 (GTAATACGACTCACTATAGGGACCCAACAAGAGTAACCTG).Acknowledgments
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